Abstract: Previously reported haploid genome sizes (C-values) and erythrocyte sizes (measured as mean dry diameters) were compared for 67 species of mammals representing 31 families and 16 orders. Measurements on erythrocytes of four species of bats were also included in the study. Erythrocyte size was significantly positively correlated with genome size at each of the specific, generic, familial, and ordinal levels, with the relationship becoming much stronger following the exclusion of the order Artiodactyla, a group unique among mammals in terms of red blood cell morphology. Physiologically, these results are relevant in light of the known relationship between C-value and mass-corrected metabolic rate in homeotherms. In evolutionary terms, they provide insights into the constraints on genome expansion among mammals and are therefore of interest in attempts to solve the long-standing C-value enigma (also known as the C-value paradox).
Introduction
In their pioneering study of nearly 50 years ago, Mirsky and Ris (1951) reported substantial variation in haploid genome sizes (C-values) among members of a diverse group of animal species. Since that time, it has been established that this variability is typical of eukaryotes in general, among which genome sizes vary by a factor of more than 200 000 (Biderre et al. 1995; Li 1997) . The enormity of this variation is made even more striking by its total lack of association with measures of organismal complexity; an observation that has come to be known as the "C-value paradox" (Thomas 1971) , and which has recently been more appropriately recast as the "C-value enigma" (Gregory 2000) .
Broad comparative analyses have revealed many intriguing facets of the C-value enigma that must be incorporated into any theories seeking to explain it. Most important among these is the clearly nonrandom distribution of genome size variation (e.g., Cavalier-Smith 1985; Gregory and Hebert 1999) . While some groups such as protists, various plants, and amphibians display great variability in C-values, others appear to be constrained to genomes of relatively small size. In birds, genome sizes vary less than 2-fold (1.02-1.93 pg, mean ≈ 1.4 pg), and in mammals the range is less than 4-fold (1.73-6.30 pg, mean ≈ 3.4 pg). Additionally, genome size is known to correlate positively with cell size, and negatively with cell division rates, in a host of divergent taxa (Gregory 2000) . These relationships, in turn, lead to correlations between C-value and numerous physiological, morphological, and developmental traits (Gregory and Hebert 1999) .
Various explanations have been proposed to account for these observations. The simplest of these, namely the junk DNA and selfish DNA theories, propose a constant accumulation of DNA through evolutionary time mitigated only by the replicational costs imposed on the "host" cell (Ohno 1972; Doolittle and Sapienza 1980; Orgel and Crick 1980; Charlesworth et al. 1994) . Under these views, larger cells can simply tolerate more DNA. As a functionalist alternative, the nucleoskeletal theory proposes a coevolutionary link between cell size and genome size, such that larger cells require larger nuclei (and hence larger DNA contents) for the maintenance of balanced growth (e.g., Cavalier-Smith 1982 , 1985 Cavalier-Smith and Beaton 1999) . Although important in addressing some component issues of the C-value enigma, each of these theories is problematic for a variety of reasons (Gregory and Hebert 1999; Gregory 2000) .
Following the suggestions by Commoner (1964) and Martin (1966) that DNA exerted a direct, causal influence on cell size, Bennett (1971) developed the concept of the nucleotype to describe "that condition of the nucleus that affects the phenotype independently of the informational content of the DNA." In other words, the strong associations between genome size and various cellular and organismal parameters could be viewed as a consequence of the quantitative cytological effects of bulk DNA. Although long embraced by botanists, the nucleotypic theory has been ignored by many zoologists, despite a strong similarity in the types of correlations reported in the two groups.
Among vertebrates, for example, there is a strong positive relationship between genome size and red blood cell (RBC) volume extending over a 350-fold range in both parameters (Olmo 1983) . This fact has typically been discussed in the light of differences in metabolic rates among different groups of vertebrates, with amphibians and lungfish displaying the largest genome sizes and blood cells, and birds some of the smallest. In particular, the highly constrained genome sizes of birds and bats have been interpreted as resulting from the metabolically intense demands of powered flight © 2000 NRC Canada Note: Taxonomy follows Nowak (1999) , with the exception of what is considered here as the single family Hominidae. Obsolete species names have been updated according to Wilson and Reeder (1992) . CV, haploid C-value (pg); DD, mean cell diameters measured on dry films (µm); DP, mean cell diameters measured in plasma (µm); V, volume (µm 3 ). References (given in square brackets) are as follows: 1, Bick and Jackson 1967; 2, Gulliver 1875; 3, Martin and Hayman 1967; 4, Garagna and Formenti 1981; 5, Ponder 1948; 6, Kato et al. 1980; 7, Smith 1983; 8, Vinogradov 1998; 9, Sumner and Buckland 1976; 10, Wurster-Hill et al. 1988; 11, Burton et al. 1989; 12), Manfredi Romanini et al. 1975; 13, Pellicciari et al. 1982; 14, Withers 1992; 15, Formenti et al. 1984; 16, Gamperl et al. 1982; 17, Manfredi Romanini 1985; 18, Benirschke et al. 1970; 19 , present study. (e.g., Hughes and Hughes 1995; Gregory and Hebert 1999) . This notion is supported by the existence of significant negative correlations between genome size and mass-corrected metabolic rate in both mammals and birds (Vinogradov 1995 (Vinogradov , 1997 . Although the volumes of certain cell types appear to correlate positively with DNA content in mammals (e.g., Swanson et al. 1991; Walker et al. 1991; Gallardo et al. 1999) , the crucial link between C-value and erythrocyte size has never been demonstrated in this group. To this end, the present study provides the first detailed examination of the relationship between genome size and erythrocyte size in a diverse sample of mammalian species.
Materials and methods
Genome size data used in the present study were compiled from the literature (Table 1 ). The majority of the values reported were obtained by Feulgen microdensitometric and (or) flow cytometric measurement of leukocytes, hepatocytes, and other nucleated cells. In cases where genome size estimates provided by independent authors were not in agreement, either the mean (when the values differed only slightly), the most commonly reported value (when several estimates were available), or that using the most reliable methodology (usually more recent studies employing flow cytometry) was used in the analysis. Data for erythrocyte sizes were also taken from the literature (Table 1) , the majority from the classic survey of Gulliver (1875) . Most available size measurements are given as mean cell diameters, measured either on dry films or suspended in plasma. In the present study, data obtained under both conditions were available for 24 species. Although strongly correlated (r 2 = 0.85, P < 0.0001, Fig. 1 ), values obtained for cell diameter differed significantly according to these measurement conditions (paired t-test, P < 0.001). As such, a correction factor based on the least-squares regression of dry-vs. plasma-measured diameters for these 24 species was used to convert plasmameasured values to dry film estimates [dry diameter = (0.95 × diameter in plasma) -0.08 µm]. Data for cells measured in plasma were converted to estimated dry film values, rather than the reverse, for three reasons. First, although conversion of known diameters using this method produced an average error of only 4% (all less than 8.5%), and the calculated values did not differ significantly from the known dry values (paired t-test, P > 0.64), it was nevertheless desirable to minimize the number of values corrected because there appears to be "no generally applicable way of calculating the mean diameter of red cells in plasma from measurements of their mean diameter in dried films" (Ponder 1948) . Second, new measurements made in the present study were taken from dry cells (see below). Third, dry cell diameter was found to provide a much more suitable surrogate for cell volume, which is important since it is this latter parameter that is of primary interest in nucleotypic models (dry vs. volume: r 2 = 0.80, P < 0.0001, n = 21; plasmameasured vs. volume: r 2 = 0.56, P < 0.005, n = 12). Cell diameters for four additional species of bats (Table 1) were measured from dry smears fixed for 30 min in 95% ethanol, using the BIOQUANT image analysis package (R&M Biometrics, Nashville, Tenn.). At least 100 individual cells were measured from each sample. Human and cat erythrocytes were measured along with the bat cells for use as reference standards, and were found to differ by less than 4% from previously reported values (Gulliver 1875) . In total, data for both genome size and erythrocyte diameter were Table 1 for more information. Fig. 2 . Relationship between C-value and dry erythrocyte diameter for (A) 67 species of mammals taken from 31 families and 16 orders, and (B) all available species with the exception of the 6 members of the order Artiodactyla. In both cases, the relationship was highly significant, but was much stronger following the removal of the artiodactyls. Regressions were as follows: (A) r 2 = 0.29, P < 0.0001, y = 0.52x + 0.55, n = 67; and (B) r 2 = 0.48, P < 0.0001, y = 0.48x + 0.58, n = 61. available for 67 species representing 31 families and 16 orders (Table 1) .
Results and discussion
Among mammals there exists a strong positive relationship between genome size and erythrocyte size, as shown in Fig. 2 . Photomicrographs of some sample species are shown in Fig. 3 . Although the relationship is highly significant when all available species are included in the analysis ( Fig. 2A) , it becomes much stronger when the six data points representing members of the order Artiodactyla are removed (Fig. 2B) . In this group, cells (but not genomes) are invariably small (notably, only Hippopotamus has cells larger than 6.7 µm in diameter), and many species possess cells that differ drastically in shape from the typical mammalian biconcave disk. Llama and camels (family Camelidae), in particular, were omitted from the present data set because their RBCs are both small and highly ovaloid in shape (Gulliver 1875; Ponder 1948; Smith 1983; Withers 1992) , making a measurement of mean diameter inappropriate for this group. Other members of the order, namely red deer and wapiti (family Cervidae) have highly differentiated erythrocytes which "assume fusiform, lanceolate, crescentic, and irregularly polygonal and other angular forms" (Gulliver 1875) . Another group of artiodactyls, the mouse deer (family Tragulidae), possess tiny erythrocytes that are almost completely spherical (Gulliver 1875; Withers 1992) . Thus, artiodactyls in general appear to have evolved a mode of erythrocyte development different from that found in other mammals. Based on the strength of the relationship when these animals are omitted from the analysis, it seems likely that only groups with a specialized mode of cell differentiation are capable of maintaining small cells along with relatively large genome sizes.
In many cases, data for only one of the two parameters were available for a given species, such that they could not be included in the species-level regression. However, it was possible to incorporate these data into higher level analyses involving generic, familial, and ordinal means (additional data not included in Table 1 are available from the author upon request). At each hierarchical level, the relationship remained highly significant, and became stronger at higher taxonomic levels (genera: r 2 = 0.29, P < 0.0001, n = 54; families: r 2 = 0.46, P < 0.0001, n = 36; orders: r 2 = 0.57, P < 0.001, n = 16). This finding is in strong agreement with Vinogradov's conclusions (1995) regarding the relationship between genome size and mass-corrected metabolic rate. Physiologically, the volumes (or, specifically, the surface area to volume ratios, which decrease with larger cell size) of RBCs are relevant to metabolism in terms of respiratory gas exchange. More generally, the size-dependent energy requirements for the maintenance of an ionic balance between cytoplasm and extracellular fluid means that nucleotypic effects on any type of somatic cell will impact metabolism. Indeed, this second process has been suggested to account for as much as 50% of the basal metabolism of humans (Szarski 1983) . It therefore seems very likely that the relationship between genome size and metabolic rate reported previously arises as a byproduct of the relationship between genome size and both erythrocyte volume in particular, and somatic cell sizes in general.
Evolutionarily, the necessity of maintaining a high metabolic rate may place tight constraints on the expansion of the genome (by the action of selfish elements, or any other mechanism) among homeotherms. Notably, the small genome sizes of bats appear to result from just such genome-wide mechanisms operating to prevent the accumulation of noncoding DNA (Baker et al. 1992; Van Den Bussche et al. 1995) . At the opposite end of the spectrum, low-metabolism mammals such as elephants and pinnipeds are found to possess very large erythrocytes, and would therefore be predicted to have large genomes relative to most other mammals. Similarly, Proechimys rodents (family Echimyidae), which have the largest haploid genomes among mammals (~6.3 pg), would be expected to possess very large erythrocytes, especially compared to those of other rodents. In keeping with this, Garagna et al. (1997) point out the particularly "sluggish" lifestyle of this species.
At first sight, the enucleate nature of mammalian RBCs may seem to preclude any nucleotypic explanation for the relationship. Indeed, it is very difficult to reconcile most Cvalue enigma theories with this fact; there is no a priori reason to expect a relationship under any of the junk DNA, selfish DNA, or nucleoskeletal theories. However, the nucleotypic model recently proposed by Gregory (2000) , which emphasizes the effect of bulk DNA on the duration of the cell cycle, can account for the persistence of the relationship in mature erythrocytes, even in the absence of nuclei. Under this model, DNA content directly determines nuclear size, which in turn affects the influx of regulatory proteins and ultimately the expression of genes controlling the passage through the various checkpoints of the cell cycle (see Galitski et al. 1999; Hieter and Griffiths 1999; Gregory 2000) . This mechanism, in combination with other nucleotypic effects on cell cycle duration, means that changes in genome size directly alter the length of the cell cycle (Gregory 2000) . Because growth occurs throughout the cell cycle, a delay in the onset of division necessarily results in the production of larger cells. Thus, it is the duration of growth of erythrocyte progenitor cells that determines (in part) the final volume of the differentiated cells, such that genome size indirectly sets the minimum size of RBCs. Again, only the artiodactyls seem capable of avoiding this nucleotypic influence.
As the results of the present study demonstrate, variation in genome size makes an important contribution to the development of the organismal phenotype. In mammals, the nucleotypic influence of DNA content on red blood cell size (and therefore metabolic rate) has prompted the evolution of genome-wide regulatory mechanisms that place severe limits on the expansion of the genome. In other cases, such as among lungfish and urodele amphibians, increases in genome size may have been under strong positive selection for their effects on metabolism and development. In any case, it is becoming increasingly clear that DNA plays an important quantitative role in the evolutionary process; one which has, unfortunately, been long overlooked by many biologists.
